ABSTRACT. -We review metabolizable energy (ME) concepts and present evidence suggesting that the form of ME used for analyses of avian energetics can affect interpretation of results. Apparent ME (AME) is the most widely used measure of food energy available to birds. True ME (TME) differs from AME in recognizing fecal and urinary energy of nonfood origin as metabolized energy. Only AME values obtained from test birds fed at maintenance levels should be used for energy analyses. A practical assay for TME has shown that TME estimates are less sensitive than AME to variation in food intake. The TME assay may be particularly useful in studies of natural foods that are difficult to obtain in quantities large enough to supply test birds with maintenance requirements. Energy budgets calculated from existence metabolism should be expressed as kJ of AME and converted to food requirements with estimates of metabolizability given in kJ AMEIg. Energy budgets calculated from multiples of basal metabolic rate (a component of maintenance energy), however, should be expressed as kJ of either TME or net energy depending on ambient temperature. Energy units should be stated explicitly to improve comparability and in some cases accuracy of energy analyses. ME can be expressed as either apparent (AME) or true (TME) metabolizable energy (Harris 1966). The form of ME used in modeling calculations has almost always been AME, although not often specified as such ( . AME has been the traditional measure of ME in studies of birds because, until recently, standard feeding trials did not separate total excretory energy into independent estimates of fecal plus urinary energy (FE + UE) and of metabolic fecal plus endogenous urinary energy (fecal and urinary energy of nonfood origin; FE,,, + UE,; Sibbald 1976). However, TME correctly recognizes FE, and UE, as metabolized energy (Harris 1966, Owen and Reinecke 1979) and is, therefore, a more direct measure of energy availability. Our purposes here are to provide a brief review of ME concepts and to show that the form of ME used for energetics analyses can affect interpretation of results. AME is usually estimated with data obtained from test birds confined in metabolism cages. The birds are fed experimental diets over a number of days during which total food ingested and excreta voided are measured. This is the total collection method (Vohra 1972). Bomb calorimetry is used to determine the energy content of food and excreta, and AME (in kJ/g) is calculated from the equation: AME = [(GEJ(QJ -(GEJQJl/Q~ (1) where GE, and GE, = the gross energy density of food that is eaten (intake) and excreta (in kJ/g), and Ql and Q, = the quantity of food eaten and excreta produced (in g). Alternatively, a nondigestible chemical (Vohra 1972) or crude fiber (Almquist and Halloran 197 1) can be used as a tracer to relate excreta production to food intake: AME = GE, -(%TJ%T,)GE, 
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Metabolizable energy (ME, see Appendix for explanation of this and other abbreviations) is a measure of the energy available to birds from their diet (Vohra 1966). In avian energetics, ME is used to convert daily energy budgets (DEB; see, e.g., King 1974 , Kendeigh et al. 1977 ) to weight of food required to supply energy needed by individuals or populations (Kendeigh et al. 1977, Wiens and Dyer 1977) . ME has been used in this way for DEBs based on "existence metabolism" (EM, Kendeigh et al. 1977 ) and multiples of basal metabolic rate (BMR; King 1973 , Ricklefs 1974 , Prince 1979 . ME can be expressed as either apparent (AME) or true (TME) metabolizable energy (Harris 1966 ). The form of ME used in modeling calculations has almost always been AME, although not often specified as such (Ricklefs 1974 . AME has been the traditional measure of ME in studies of birds because, until recently, standard feeding trials did not separate total excretory energy into independent estimates of fecal plus urinary energy (FE + UE) and of metabolic fecal plus endogenous urinary energy (fecal and urinary energy of nonfood origin; FE,,, + UE,; Sibbald 1976). However, TME correctly recognizes FE, and UE, as metabolized energy (Harris 1966 , Owen and Reinecke 1979) and is, therefore, a more direct measure of energy availability. Our purposes here are to provide a brief review of ME concepts and to show that the form of ME used for energetics analyses can affect interpretation of results. AME is usually estimated with data obtained from test birds confined in metabolism cages. The birds are fed experimental diets over a number of days during which total food ingested and excreta voided are measured. This is the total collection method (Vohra 1972). Bomb calorimetry is used to determine the energy content of food and excreta, and AME (in kJ/g) is calculated from the equation: AME = [(GEJ(QJ -(GEJQJl/Q~ (1) where GE, and GE, = the gross energy density of food that is eaten (intake) and excreta (in kJ/g), and Ql and Q, = the quantity of food eaten and excreta produced (in g). Alternatively, a nondigestible chemical (Vohra 1972) or crude fiber (Almquist and Halloran 197 1) can be used as a tracer to relate excreta production to food intake: AME = GE, -(%TJ%T,)GE, (Sibbald 1975 where GE, and GE,, = total energy density of excreta from fed and control birds (in U/g), ' Following the methods of Sibbald (1976) and Q,and Qec = the quantity of excreta from fed and control birds (in g). TME and AME can be corrected to zero nitrogen balance so that ME values derived using birds with divergent nitrogen requirements (e.g., growing vs. mature) will be comparable. To do this, 34.4 kJ (8.22 kcal) are added to or subtracted from ME for each gram of nitrogen lost or gained to account for energy required in the excretion of urinary nitrogen (Harris 1966). Theoretically, AME and TME are related as follows (when expressed as kJ/g): (1) TME always exceeds AME, (2) AME varies with energy intake, (3) TME is independent of energy intake, and (4) AME approaches TME as energy intake increases. The first relationship can be inferred by comparing equations 1 and 3: endogenous losses are subtracted from excretory energy in calculating TME, but not AME (see Tables 1-3; and Harris 1966; Sibbald 1975 ). The other relationships can be inferred from the linear dependence of excretory energy on food intake, and from data which indicate that the rate of excretion of FE,,, + UE, is constant under standard conditions (Sibbald 1975 (Sibbald , 1976 . AME values vary with food intake because intake levels determine the ratio between (FE, + UE,) and (FE + UE) in excreta (Table  2 and Sibbald 1975 :Fig. 7) . TME accounts for energy lost as FE,,, + UE, and, therefore, is independent of food intake. Finally, if energy intake could increase indefinitely, the percentage of (FE,,, + UE,) in excreta would approach zero and AME would, therefore, approach TME. However, food intake cannot increase without bounds, so there is a practical limit on the convergence of AME and TME. For example, if a l-kg Mallard (Anus plutyrhynchos) has a maintenance energy requirement of 2.5 BMR and BMR = 3 14 kJ/kg, then at maintenance (78 5 kJ) the difference between TME and AME would be about 3% of TME (cf. Sibbald 1975) . This is because FE,,, + UE, is approximately 22 kJ in the Mallard (K. J.
Reinecke and R. E. Kirk, unpubl. data).
Differences between AME and TME illustrated in Tables l-3 exceed 3% because determinations were made at intake levels below maintenance. Differences in Table 1 are variable because the data are from several studies involving different foods and intake levels that were low relative to maintenance requirements of roosters (Gallus gallus, var. domesticus) weighing 2-3 kg. Differences in Table 2 decreased to 5-6% as intake levels of Mallards increased to 25-40 g. If the maintenance requirement of Mallards is about twice the highest experimental intakes, then differences between AME and TME should decrease proportionately and approach the predicted value of about 3%. Storey and Allen' s (1982) data for domestic geese (Anser anser, Table 3 ) include two alfalfa diets which produced differences between AME and TME of 15 and 23%. Consumption of these diets was probably low relative to maintenance requirements because of the low ME values. Also, values for dehydrated alfalfa meal may have been affected by incomplete passage of this food through the digestive tract during the collection period (Sibbald and Price 1980). The mean difference for other foods consumed by these geese was about 5% and might have been lower if control birds had fed rather than fasted (Dale and Fuller 1982).
Thus, when feeding trials are conducted with foods that are readily accepted and ingested at levels that maintain body weight (e.g., Sugden 197 l), differences between AME and TME may be as low as 3%. Unfortunately, AME values available in the literature have been determined by several different techniques at a number of laboratories and vary considerably even for the same foods (Sibbald 1977) . Also, published values often are not accompanied with data concerning food intake which may be below maintenance levels, especially in the case of poorly digested foods. Caution should be used in selecting published AME values for use in avian energetics analyses. In general, investigators should use AME data derived only from test birds fed at maintenance levels. Variability of AME values makes determination of TME with regression equations like those developed by Sibbald (1977) and Muztar and Slinger (198 1) of questionable value. Direct measurements of TME would provide more reliable estimates.
Traditional feeding trials used to determine AME values are often impractical for work with wild birds and natural foods because it can be difficult to collect or keep sufficient food to ensure that the birds' intake is at maintenance levels. Erratic or even negative AME values may result (e.g., Sugden 1973). In contrast, the TME assay of Sibbald (1976 is independent of intake level. Because of these practical considerations and the sensitivity of AME estimates to intake levels, Sibbald' s method should be of considerable value as "nutritional ecology" gains attention (Murphy and Ring 1982) . Furthermore, models of individual and population food requirements involving estimates of ME are subject to error if AME and TME are not used correctly. For example, in order to estimate the amount of food necessary to meet a bird' s DEB, energy available from the diet should be expressed as AME when the DEB is based on EM, because units are consistent, i.e., food required (in g) = Energy required (in kJ AME)lEnergy available (in kJ AMEIg). On the other hand, use of TME with the same DEB (W AMElday) would underestimate food requirements because TME is larger than AME. However, when DEB is based on multiples of BMR, use of AME, MEC, and digestive or assimilative efficiencies (all kJ of AME) will overestimate food requirements for the same reason; TME is more appropriate in this case. Potential errors in the resulting estimates are directly proportional to the differences between AME and TME (e.g., Tables l-3) .
A further distinction must be made in cases where DEB is calculated from multiples of BMR. Because BMR is a component of maintenance energy (Harris 1966 ) it should be expressed as kJ of net energy (NE). NE is the difference between TME and specific dynamic effect (SDE) or heat increment of feeding; it provides energy for maintenance (e.g., BMR) and production (e.g., tissue growth; Harris 1966, Owen and Reinecke 1979: Fig. 1 Ricklefs 1974: 168) . In practice, however, AME is approximately correct because the differences between AME and TME, and between TME and NE, are compensating errors. Finally, the comparability, and in some cases accuracy, of energetics analyses will improve if units of energy are stated explicitly.
